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Two-body non-leptoninc 
Charmless B-decays 

!   Among the most widely studied processes. 

!   Many B0, B0
s (and Λ0

b) channels involving 
similar final states provide crucial  
experimental information to improve 
knowledge of  strong interactions dynamics. 

!   Sensitive to Vub phase, CKM angle γ	



!   Significant contribution from higher-order 
(“penguin”) transitions provides sensitivity 
to NP.  

!   Interference from two diagrams → DCPV 
can be present. Several self-tagging modes: 
—  B0→ K+π- , B0

s→ K-π+ , Λ0
b→pπ/pK  
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CP Violation in B→ Kπ  

!   B0→ K+π-  
—  established >5σ, latest measurements are ≈ -10%. 
—  Genuine SM prediction: ACP(B0→K+π-) ≈ ACP(B+→K+π0). But 

experimental data do not confirm ACP(B+→K+π0)=0.040±0.021. 
—  Still not a firm conclusion: hint of NP?  Or effect within SM?  

!   B0
s→ K-π+  

—  Interesting probe of SM origin of direct CP violation in B0.   
—  ACP(B0

s→ Kπ) ≈ -ACP(B0→ Kπ)×BR(B0→ Kπ)/BR(B0
s→ Kπ) See   

Gronau [PR B482, 71(2000)] and Lipkin [PLB621,126, (2005)]. 

!    Λ0
b→pπ/pK 

—  Must be explored with much better precision. Available CDF 
measurement at 15% uncertainty.  
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Despite good mass resolution (≅24 MeV/c2), 
individual modes overlap in a single peak 
(width ∼35 MeV/c2 ) 

Each mode is a background for others. Much 
more difficult than B-Factories and LHCb.   

B0
(s)→h+h’- at CDF 

Need to determine signal composition with a Likelihood fit, combining information from 
kinematics (mass and momenta) and particle ID (dE/dx).    

Note that the use of a single mass 
assignment (ππ) causes overlap even with 
perfect resolution. 

9/28/12 

B0
s→Kπ 

Λ0
b→pK. 
Λ0

b→pπ 

CDF MC 

B0→Kπ 
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dE/dx from drift chamber does  not allow 
event-by-event separation. 
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!   Exploit dependence between 
invariant mass and momenta: 
—  mππ  invariant ππ-mass.  
—  β =(p+-p-)/(p++p-)                

charged momentum asymmetry. 
—  ptot= p++p- .                                  

scalar sum of 3d-momenta.                     

!   This offers good discrimination 
amongst modes and between          
K+π-/ K-π+ and ph-/ph+. 
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!   Exploit dependence between 
invariant mass and momenta: 
—  mππ  invariant ππ-mass.  
—  β =(p+-p-)/(p++p-)                

charged momentum asymmetry. 
—  ptot= p++p- .                                  

scalar sum of 3d-momenta.                     

!   This offers good discrimination 
amongst modes and between          
K+π-/ K-π+ and ph-/ph+. 
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background) and random pairs of particles (combinatorial
background).

We incorporate kinematic and particle identification
information in an unbinned likelihood fit [11,14] to
determine the fraction of each mode and the charge
asymmetries, uncorrected for instrumental effects, ~ACP ¼
½Nb!f # N !b! !f$=½Nb!f þ N !b! !f$ of the flavor-specific de-

cays B0 ! Kþ!#, B0
s ! K#!þ, and "0

b ! p!#, pK#.
For each channel, Nb!f (N !b! !f) is the reconstructed num-

ber of decays of hadrons containing the b ( !b) quark into the
final state f ( !f). The decay flavor is inferred from the
charges of final state particles assuming equal numbers
of b and !b quarks at production (dominated by the strong
interaction). Any effect from CP violation in b–meson
flavor mixing is assumed negligible [19].

The whole kinematic information is summarized by
three loosely correlated observables [11]: the mass m!!;
the signed momentum imbalance " ¼ ð1# p1=p2Þ ( q1,
where p1 (p2) is the lower (higher) of the particle mo-
menta, and q1 is the sign of the charge of the particle of
momentum p1; and the scalar sum of particle momenta
ptot ¼ p1 þ p2. Particle identification relies on measure-
ment of the specific ionization (dE=dx) in the drift cham-
ber. For charged kaons and pions the dE=dx response was
calibrated with a sample of 1:5( 106 D)þ ! D0!þ de-
cays, using the charge of the pion from D)þ decay to
identify the products of the Cabibbo—favored D0 decay.
For protons we used 124 000 " ! p!# decays, where the
kinematics and the momentum threshold of the trigger
allow unambiguous identification of the decay products
[18,20]. Identification information for each particle
is summarized by a single observable in our fit (‘‘kaon-
ness’’), defined as # ¼ ðdE=dx# dE=dx!Þ=ðdE=dxK #
dE=dx!Þ, where dE=dx is the observed response, and
dE=dx!ðKÞ is the average responses expected for pions
(kaons). The separation betweenKþ!# or p!# final states
and their charge—conjugates is in excess of 2:1$ (Fig. 2).
Although a lower dE=dx separation is available between
pK# and !pKþ, due to similar ionization rates of protons
and kaons, sufficient discrimination is achieved from their
greater kinematics differences. The background model
allows for independent contributions of positively and

negatively charged pions, kaons, protons, and electrons,
whose fractions are determined by the fit. Muons are
indistinguishable from pions with the available 10% frac-
tional dE=dx resolution and are therefore incorporated into
the pion component.
The signal yields from the fit (Table I) are corrected for

different detection efficiencies to determine the physical
asymmetries, ACPðb ! fÞ, defined as

Bðb ! fÞ #Bð !b ! !fÞ
Bðb ! fÞ þBð !b ! !fÞ

¼
Nb!f # cfN !b! !f

Nb!f þ cfN !b! !f

; (1)

where cf ¼ "ðfÞ="ð !fÞ is the ratio between the effici-
encies for triggering and reconstructing the final state f
with respect to the state !f. The cf factors correct for
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FIG. 2. Joint kaonness distribution for the positive (abscissa)
and negative (ordinate) final state particles in B0 ! Kþ!#

decays as determined from the calibration data of charm decays
(top left). Dipion mass as a function of " for simulated
"0

b ! pK# decays (top right). Mass of D0 ! hþh0# candidates
with pion assignment to both final state particles (bottom left).
Same quantity as a function of " for simulated D0 ! hþh0#

decays (bottom right).

TABLE I. Raw signal yields determined by the fit and final results. The first uncertainty is statistical, the second is systematic.
Absolute branching fractions are derived by normalizing to the known value BðB0 ! Kþ!#Þ ¼ ð19:4* 0:6Þ ( 10#6, and assuming
the average value at high energy for the production fraction fs=fd ¼ 0:282* 0:038 [19].

Mode Nb!f N !b! !f ACPðb ! fÞ (%) Relative B Absolute Bð10#6Þ
B0 ! Kþ!# 1836* 61 2209* 64 #8:6* 2:3* 0:9 + + + + + +
B0
s ! K#!þ 160* 26 70* 22 þ39* 15* 8 + + + + + +

"0
b ! pK# 80* 14 36* 11 þ37* 17* 3 + + + + + +

"0
b ! p!# 40* 10 38* 9 þ3* 17* 5 + + + + + +

B0 ! !þ!# 1121* 63 + + + BðB0!!þ!#Þ
BðB0!Kþ!#Þ ¼ 0:259* 0:017* 0:016 5:02* 0:33* 0:35

B0
s ! KþK# 1307 * 64 + + + fs

fd

BðB0
s!KþK#Þ

BðB0!Kþ!#Þ ¼ 0:347* 0:020* 0:021 23:9* 1:4* 3:6

PRL 106, 181802 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
6 MAY 2011

181802-5

sep. = 2.02σ	



Particle Identification (dE/dx) 
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!   Calibration and parameterization with: 
—  4M of strong D*+→D0π+→[K-π+] π+  
—  330k of Λ→pπ-  

! dE/dx accurately calibrated over 
tracking volume (η,φ), hits density, inst. 
luminosity and time. 

!   Detailed model includes tails, 
momentum dependence, charge 
asymmetries, and two-track correlations. 

!   1.4σ K/π separation at p>2GeV/c. 

sep. = 1.4σ	
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background) and random pairs of particles (combinatorial
background).

We incorporate kinematic and particle identification
information in an unbinned likelihood fit [11,14] to
determine the fraction of each mode and the charge
asymmetries, uncorrected for instrumental effects, ~ACP ¼
½Nb!f # N !b! !f$=½Nb!f þ N !b! !f$ of the flavor-specific de-

cays B0 ! Kþ!#, B0
s ! K#!þ, and "0

b ! p!#, pK#.
For each channel, Nb!f (N !b! !f) is the reconstructed num-

ber of decays of hadrons containing the b ( !b) quark into the
final state f ( !f). The decay flavor is inferred from the
charges of final state particles assuming equal numbers
of b and !b quarks at production (dominated by the strong
interaction). Any effect from CP violation in b–meson
flavor mixing is assumed negligible [19].

The whole kinematic information is summarized by
three loosely correlated observables [11]: the mass m!!;
the signed momentum imbalance " ¼ ð1# p1=p2Þ ( q1,
where p1 (p2) is the lower (higher) of the particle mo-
menta, and q1 is the sign of the charge of the particle of
momentum p1; and the scalar sum of particle momenta
ptot ¼ p1 þ p2. Particle identification relies on measure-
ment of the specific ionization (dE=dx) in the drift cham-
ber. For charged kaons and pions the dE=dx response was
calibrated with a sample of 1:5( 106 D)þ ! D0!þ de-
cays, using the charge of the pion from D)þ decay to
identify the products of the Cabibbo—favored D0 decay.
For protons we used 124 000 " ! p!# decays, where the
kinematics and the momentum threshold of the trigger
allow unambiguous identification of the decay products
[18,20]. Identification information for each particle
is summarized by a single observable in our fit (‘‘kaon-
ness’’), defined as # ¼ ðdE=dx# dE=dx!Þ=ðdE=dxK #
dE=dx!Þ, where dE=dx is the observed response, and
dE=dx!ðKÞ is the average responses expected for pions
(kaons). The separation betweenKþ!# or p!# final states
and their charge—conjugates is in excess of 2:1$ (Fig. 2).
Although a lower dE=dx separation is available between
pK# and !pKþ, due to similar ionization rates of protons
and kaons, sufficient discrimination is achieved from their
greater kinematics differences. The background model
allows for independent contributions of positively and

negatively charged pions, kaons, protons, and electrons,
whose fractions are determined by the fit. Muons are
indistinguishable from pions with the available 10% frac-
tional dE=dx resolution and are therefore incorporated into
the pion component.
The signal yields from the fit (Table I) are corrected for

different detection efficiencies to determine the physical
asymmetries, ACPðb ! fÞ, defined as

Bðb ! fÞ #Bð !b ! !fÞ
Bðb ! fÞ þBð !b ! !fÞ

¼
Nb!f # cfN !b! !f

Nb!f þ cfN !b! !f

; (1)

where cf ¼ "ðfÞ="ð !fÞ is the ratio between the effici-
encies for triggering and reconstructing the final state f
with respect to the state !f. The cf factors correct for
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FIG. 2. Joint kaonness distribution for the positive (abscissa)
and negative (ordinate) final state particles in B0 ! Kþ!#

decays as determined from the calibration data of charm decays
(top left). Dipion mass as a function of " for simulated
"0

b ! pK# decays (top right). Mass of D0 ! hþh0# candidates
with pion assignment to both final state particles (bottom left).
Same quantity as a function of " for simulated D0 ! hþh0#

decays (bottom right).

TABLE I. Raw signal yields determined by the fit and final results. The first uncertainty is statistical, the second is systematic.
Absolute branching fractions are derived by normalizing to the known value BðB0 ! Kþ!#Þ ¼ ð19:4* 0:6Þ ( 10#6, and assuming
the average value at high energy for the production fraction fs=fd ¼ 0:282* 0:038 [19].

Mode Nb!f N !b! !f ACPðb ! fÞ (%) Relative B Absolute Bð10#6Þ
B0 ! Kþ!# 1836* 61 2209* 64 #8:6* 2:3* 0:9 + + + + + +
B0
s ! K#!þ 160* 26 70* 22 þ39* 15* 8 + + + + + +

"0
b ! pK# 80* 14 36* 11 þ37* 17* 3 + + + + + +

"0
b ! p!# 40* 10 38* 9 þ3* 17* 5 + + + + + +

B0 ! !þ!# 1121* 63 + + + BðB0!!þ!#Þ
BðB0!Kþ!#Þ ¼ 0:259* 0:017* 0:016 5:02* 0:33* 0:35

B0
s ! KþK# 1307 * 64 + + + fs

fd

BðB0
s!KþK#Þ

BðB0!Kþ!#Þ ¼ 0:347* 0:020* 0:021 23:9* 1:4* 3:6
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incorrect mass assignment, respectively. The shifts in
mass, δ1(2), from the empirical value of the mass of ππ
decays assigned the Kπ mass, m0 = 1.96736 GeV/c2,
are free to vary. The mass distributions of the partially
reconstructed multibody charm decays and combinato-
rial background are modeled using decreasing exponen-
tial functions with coefficients bmbd and bcomb, respec-
tively.
The function used in the fit is then

NRS℘RS(m|$θRS) +NWS℘WS(m|$θWS)

+Nππ℘ππ(m|$θππ) +Nmbd℘mbd(m|bmbd)

+Ncomb℘comb(m|bcomb).

where NRS, NWS, Nππ, Nmbd, Ncomb are the event yields
for right-sign decays, wrong-sign decays, D0 → π+π−

decays, partially reconstructed decays, and combinatorial
background, respectively.
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FIG. 9. Average (m) of the distribution of K+π− mass in
the even sample and K−π+ mass in the odd sample with fit
projections overlaid.

The mass is fit in the range 1.8 < m < 2.4 GeV/c2

to avoid the need for modeling most of the partially re-
constructed charm meson decays. The ratio NRS/Nmbd

and the parameter bmbd are fixed from simulated inclu-
sive D0 and D+ decays. The contamination from par-
tially reconstructed D+

s decays is negligible for masses
greater that 1.8 GeV/c2. The result of the fit to the
distribution averaged between odd and even samples is
shown in Fig. 9. In this preliminary fit we let vary the

number of events in each of the various components, the
parameters of the two Gaussians describing the bulk of
the D0 → h+h′− distributions, and the slope of the com-
binatorial background bcomb. We assume that the small
tails are described accurately enough by the simulation.
This preliminary fit is used to extract all shape parame-
ters that will be fixed in the subsequent combined fit for
the asymmetry.
Odd and even samples are fitted simultaneously us-

ing the same shapes for each component to determine
the asymmetry of RS decays. Because no asymmetry
in D0 → π+π− decays and combinatorial background is
expected by construction, we include the following con-
straints: N+

ππ = N−
ππ and N+

comb = N−
comb. The param-

eters N+
RS, N−

RS, N+
WS, N−

WS, N+
mbd and N−

mbd are de-
termined by the fit independently in the even and odd
samples. Figures 10 (a) and (b) show the fit projections
for odd and even samples. Figure 10 (c) shows the pro-
jection of the simultaneous fit on the asymmetry as a
function of the Kπ mass. The observed asymmetry for
the D0 → K−π+ RS decays is

A(Kπ) = (−0.832± 0.033)%. (8)

IX. SYSTEMATIC UNCERTAINTIES

The measurement strategy is designed to suppress sys-
tematic uncertainties. However, we consider a few resid-
ual sources that can impact the results: approxima-
tions in the suppression of detector-induced asymme-
tries; production asymmetries; contamination from sec-
ondary D mesons; assumptions and approximations in
fits, which include specific choice of analytic shapes, dif-
ferences between distributions associated with charm and
anti-charm decays, and contamination from unaccounted
backgrounds; and, finally, assumptions and limitations of
kinematic reweighting.
Most of the systematic uncertainties are evaluated by

modifying the fit functions to include systematic varia-
tions and repeating the fits to data. The differences be-
tween results of modified fits and the central one are used
as systematic uncertainties. This usually overestimates
the observed size of systematic uncertainties, which in-
clude an additional statistical component. However, the
additional uncertainty is negligible, given the size of the
event samples involved. Sources of systematic uncer-
tainty are detailed below. A summary of the most sig-
nificant uncertainties is given in Table III.

A. Approximations in the suppression of
detector-induced effects

We check the reliability of the cancellation of all
detector-induced asymmetries on simulated samples as
described in Appendix B. The analysis is repeated on
several statistical ensembles in which we introduce known

30M of Untagged 
D0→Κ-π+  

330k of  Λ→pπ-  

!   Extracted from real data.  

!   Assuming at production N=N because:  
—  Symmetric initial state pp 
—  Strong interaction is CP-conserving. 
—  η symmetric detector. 

!   CP violation in the decay is negligible. 

!   Observed raw asymmetries gives cf. 



DCPV results 9.3 fb-1 	
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3

two terms LPID
p and LPID

c , respectively for the physics1

and combinatorial background, that account for all pos-2

sible pairs that can be formed combining only pions and3

kaons. In fact muons are indistinguishable from pions4

with the available dE/dx resolution, and are therefore in-5

cluded within the nominal pion component. For similar6

reasons, the small proton component in the background7

has been included within the nominal kaon component.8

Thus the physics background model allows for indepen-9

dent, charge-averaged contributions of pions and kaons,10

whose fractions are determined by the fit; while the com-11

binatorial background model, instead, allows for more12

contributions, since independent fractions of positively13

and negatively charged pions and kaons are determined14

by the fit.15

The results of the fit (Table I) are in agreement with
those obtained in the previous iterations of this analy-
sis [12, 22]. The signal yields from the fit are corrected
for different detection efficiencies to determine the phys-
ical asymmetries, ACP (b → f), defined as:

B(b → f)− B(b̄ → f̄)

B(b → f) + B(b̄ → f̄)
=

Nb→f − cfNb̄→f̄

Nb→f + cfNb̄→f̄
(5)

where cf = ε(f)/ε(f̄) is the ratio between the efficien-16

cies for triggering and reconstructing the final state f17

with respect to the state f̄ . The cf factors correct for18

detector-induced charge asymmetries, and are extracted19

from control samples in data. Simulation is only used to20

account for small differences between the kinematics of21

B → h+h�− decays and control signals. The corrections22

for f = K+π− are extracted from a sample of about23

30×106 untagged D0 → K−π+ decays [26]. By impos-24

ing the same offline selection to the D0 decays we ob-25

tain K∓π± final states in a similar kinematic region as26

our signals. We assume that K+π− and K−π+ final27

states from charm decays are produced in equal num-28

bers at the Tevatron, because production is dominated29

by the strong interaction and, compared to the detec-30

tor effects to be corrected, the possible CP–violating31

asymmetry in D0 → K−π+ decays is tiny (< 10−3) as32

predicted by the SM [24] and confirmed by current ex-33

perimental determinations [25]. We also checked that34

possible asymmetries in D0 meson yields induced by35

CP violation in B → DX decays are small and can36

be neglected [26]. Therefore, any asymmetry between37

observed numbers of reconstructed K−π+ and K+π−
38

charm decays can be ascribed to detector-induced effects39

and used to extract the desired correction factors. The40

ratio N
D

0→K+π−/ND0→K−π+ is measured performing a41

simultaneous fit described in [26]. The dE/dx informa-42

tion is not used because kinematics alone is sufficient43

to provide an excellent separation in charm decays, as44

shown in Ref. [26]. We find cK−π+ = 0.983 ± 0.001,45

which is consistent and more precise than a previous es-46

timate done at CDF [21]. Since the experimental re-47

sults on ACP (D0 → K−π+) = (0.1 ± 0.7)% [19] have48

TABLE I: Direct CP asymmetries. The first quoted uncer-
tainty is statistical, the second is systematic. N is the number
of fitted events for each mode.

Mode Nb→f Nb̄→f̄ ACP (b → f)(%)
B0 → K+π− 6348 ± 117 5313 ± 109 −8.3 ± 1.3 ± 0.3
B0

s → K−π+ 354 ± 46 560 ± 51 +22 ± 7 ± 2
Λ0

b → pπ− 242 ± 24 206 ± 23 +7 ± 7 ± 3
Λ0

b → pK− 271 ± 30 324 ± 31 −9 ± 8 ± 4

the same level of uncertainty of the correction measure-49

ment, we assessed a systematic uncertainty on a possible50

non-vanishing ACP (D0 → K−π+). For the Λ0
b → pπ−

51

asymmetry, the factor cpπ− = 1.01 ± 0.02 is extracted52

using a similar strategy applied to a control sample of53

Λ → pπ decays pure at 99% level [20]. This correction is54

extracted from a simultaneous fit evaluating the yields of55

Λ → pπ+ and of Λ̄ → p̄π− (see fig. 2) and is dominated
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FIG. 2: Invariant pπ−-mass for Λ0 → pπ decays (a). Fit
projection of the asymmetry as a function of the invariant-pπ
mass (b).

56

by the different interaction probability of protons and57

antiprotons with the detector material. In the measure-58

ment of CP violation in Λ0
b → pK− decays, instrumental59

charge-asymmetries induced in both kaons and protons60

are relevant. The cpK− factor is extracted by combin-61

ing the previous ones and assuming the trigger and re-62

construction efficiency for two particles factorizes as the63

product of the single-particle efficiencies.64

The dominant contribution to the systematic uncer-65

tainty for ACP (B0 → K+π−) is due to the dE/dx model,66

which derives from the statistical uncertainty on the pa-67

rameters used for the analytical description of the corre-68

lated dE/dx response of the two decay products [21].69

The dominant contributions to the systematic uncer-70

tainty for ACP (B0
s → K−π+) come from background and71

signal kinematics templates, from the dE/dx modeling72

discussed above, and from triggers efficiencies.73

The dominant contribution to the systematic uncer-74

tainty for ACP (Λ0
b → pK−) is due to the uncertainty75

on the kinematics templates for the combinatorial back-76

ground. The templates were obtained using the sample77

given by the anti-selection cut χ2 > 40. In order to assess78
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Final CDF results on this [CDF-note 10726]  

!   ACP(B0) with significance > 5σ.  The same  total uncertainty of the  world’s best 
measurement from LHCb [-8.8±1.1±0.8]% [PRL 108 (2012) 201601]. 

!   Evidence at 3σ for ACP(B0
s), confirming LHCb result [+27±8±2]%. Same total 

uncertainty.  Gronau-Lipkin test within 1σ confirming a SM origin. 
—  W.A. ACP(B0

s)=[+24 ± 5]% to be compared with Gronau-Lipkin prediction [+31 ± 4]%. 

!   Uncertainties on ACP(Λ0
b) reached interesting precision (8%). Central value 

compatible with no CPV. High values are excluded. 



Angle γ from B-→DK-    
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Cleanest ways to measure γ angle.  Only tree-level amplitudes are involved.  Tiny 
theoretical uncertainties. Exploit interference between the processes: 

b→cus  b→ucs  

Favored  b → c  decay:                           
∼ VcbV*us∼ λ3        

Color Suppressed  b → u decay:               
∼VubV*cs∼  λ3rB e-iδB eiγ        

B!

b

u u

c

s

u

D0

K !

Vcb

Vus

u u

b uVub

Vcs

c

s

K !

D0

B!

Several methods depending on D0 →f and D0→f: GLW  D→ππ/KK, ADS D→Kπ 
suppressed decays, etc. No tagging or time dependent analysis is needed, well suited 
for hadronic environment. 	





ADS method 

!   Expected large CP asymmetries. 

! Results have to be combined with other methods to 
obtain γ measurement. 

! Observables: 

9/28/12 CKM 2012 - M.J. Morello 

RADS (h) =
BR(B! "Dsuph

! )+BR(B+ "Dsuph
+ )

BR(B! "Dfavh
! )+BR(B+ "Dfavh

+ )

AADS (h) =
BR(B! "Dsuph

! )!BR(B+ "Dsuph
+ )

BR(B! "Dsuph
! )+BR(B+ "Dsuph

+ )

h = K or π 
Dfav→K- π+ 
Dsup→K+ π- 

From theory:  RADS(K) = rD
2 + rB

2 + 2rBrD cos(δB+δD) cosγ 
                       AADS(K) = 2rBrD sin(δB+ δD)sinγ/RADS(K) 

δB and δD relative strong 
phases of B and D decays. 

rB =
A(b! u)
A(b! c)

rD =
A(D0 ! K "! + )
A(D0 ! K +! " )



Evidence of B-→DsupK-   

9/28/12 CKM 2012 - M.J. Morello 

First Evidence of  B-→DsupK-  signal at hadron collider  (3.2σ level), later 
confirmed by LHCb with >5σ significnce.  

N(B! "DsupK
! )+ N(B+ "DsupK

+ ) = 32±12

N(B! "Dsup!
! )+ N(B+ "Dsup!

+ ) = 55±14
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Physics observables (B-→Dsuph-) 
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RADS (! ) = [2.8± 0.7(stat)± 0.4(syst)]!10
"3

AADS (! ) = 0.13± 0.25(stat)± 0.02(syst)
RADS (K ) = [22.0±8.6(stat)± 2.6(syst)]!10

"3

AADS (K ) = "0.82± 0.44(stat)± 0.09(syst)

First measurement of AADS and RADS  at hadron collider. They agree with other experiments.   

B-→Dfavπ-  ∼19700ev  
B-→DfavK-   ∼1460 ev 
 
B-→Dsupπ-  ∼55 ev 
B-→DsupK-  ∼32 ev 

PRD 84, 091504 (2011) 
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B0
s→φφ at the TeVatron	



!   BR and polarization amplitudes accessible at CDF 
[PRL107,261802(2011)]: 
—  Found large transverse polarization                            

(|A|||2+|A⊥|2)/|A0|2 = 1.9±0.2 in disagreement with 
SM, naïvely <<1 

!   CP violation expected very tiny, however NP could 
enhance it. 

!   The best hard way: full tagged and time-dependent 
analysis, but statistics still too small. 

!   However Triple Products (TP) Asymmetries are 
expected zero in SM.  NP could affect those. 

!   Experimentally accessed by asymmetry of 
distribution of two angular function u and v.   
Theory details in Int. J. of Mod. Phys. A, 19:2505 
(2004)  and arXiv:1103.2442. 
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A0A⊥ 

A||A⊥ 

2

I. INTRODUCTION

The angular analysis of penguin-mediated B meson decays into two vector mesons, as B0
s→φφ, can provide evidence

for physics beyond Standard Model(SM). The time-integrated angular analysis has been first performed by CDF and

allows the measurement of the CP-averaged decay amplitudes of the three helicity states [1]. The amplitudes, given

in terms of one longitudinal (A0) and two transverse (A� and A⊥) polarization amplitudes, result in a dominant

transverse polarized fraction in disagreement with the näıve SM expectation. Explanation involving either New

Physics (NP) [2, 3] or corrections to naive expectation within the SM, either through penguin annihilation [4–6] or

final state interactions [7–10], have been proposed.

Present statistics of the B0
s→φφ data sample does not allow investigations of mixing induced CP-violation. However,

a class of CP-violating observables which can reveal the presence of NP are the Triple Products asymmetries [11].

Triple Products (TP) take the form �p · (�ε1×�ε2), where �p is a momentum and both �εi can be either spins or momenta.

Triple products are odd under time reversal (T), therefore they are sensitive to CP violation assuming CPT invariance.

The TP’s asymmetry is defined as:

ATP =
Γ(�p · (�ε1 × �ε2) > 0)− Γ(�p · (�ε1 × �ε2) < 0)

Γ(�p · (�ε1 × �ε2) > 0) + Γ(�p · (�ε1 × �ε2) < 0)
, (1)

where Γ is the decay rate for the given process. Most of these TP’s asymmetries are expected to be small in the SM,

but can be enhanced in the presence of NP [12].

We report the first investigation on TP’s asymmetries of the B0
s→φφ decay, reconstructed from the detection of

the charged kaon pairs from the φ’s, B0
s → φφ → [K+K−

][K+K−
], in the same data sample used for the polarization

amplitudes measurement [1]. This correspond to an integrated luminosity of 2.9 fb
−1

, where about 300 B0
s → φφ

decays are reconstructed. Without tagging initial flavor of the B0
s mesons the decay rate is just the sum of the B0

s and

the B̄0
s one, produced in equal proportion at Tevatron. In the untagged case the TP’s asymmetries are proportional

to the so called true Triple Products, that is a true CP violating effect. The so called fake Triple Products are not

accessible instead in the untagged case and are not discussed here [11, 12].

II. ATP’S IN B0
s→φφ

In the B0
s→φφ decay two TP’s exist, given by the interference terms of the CP even and CP odd decay amplitudes.

The first, TP1, is �(A�A
�
⊥); the second, TP2, is �(A0A�

⊥).

The differential decay rate for the B0
s → φφ → [K+K−

][K+K−
] decay chain as function of the helicity angles is

fully described in ref [1]. The definition of the helicity angles �ω = (cosϑ1, cosϑ2,Φ) is shown graphically in fig. 1.

FIG. 1: Sketch of the helicity angles. Defining the direction of momentum of the φi (i = 1, 2) in the B rest frame as

q̂i, ϑi is the angle between q̂i and the momentum of the K+
i , defined in the rest frame of the φi; the Φ angle is the

angle between the decay planes of the φ’s.

The decay rate as a function of time and the helicity angles can be written as

d4Λ(�ω, t)

dtd�ω
=

9

32π

6�

i=1

Ki(t)fi(�ω), (2)
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Fig. 1. Decay angles for the B0
s → φφ decay, where the K+ momentum in the φ1,2 rest frame, and the parent φ1,2 momentum in the rest frame of the B0

s meson span the
two φ meson decay planes, θ1,2 is the angle between the K+ track momentum in the φ1,2 meson rest frame and the parent φ1,2 momentum in the B0

s rest frame, Φ is the
angle between the two φ meson decay planes and n̂1,2 is the unit vector normal to the decay plane of the φ1,2 meson.

K1(t) = 1
2
A2
0
[
(1 + cosφs)e−ΓLt + (1− cosφs)e−ΓHt

± 2e−Γst sin(%mst) sinφs
]
,

K2(t) = 1
2
A2

‖
[
(1 + cosφs)e−ΓLt + (1− cosφs)e−ΓHt

± 2e−Γst sin(%mst) sinφs
]
,

K3(t) = 1
2
A2

⊥
[
(1− cosφs)e−ΓLt + (1+ cosφs)e−ΓHt

∓ 2e−Γst sin(%mst) sinφs
]
,

K4(t) = |A‖||A⊥|
[
±e−Γst

{
sin δ1 cos(%mst)

− cos δ1 sin(%mst) cosφs
}

− 1
2

(
e−ΓHt − e−ΓLt

)
cos δ1 sinφs

]
,

K5(t) = 1
2
|A0||A‖| cos(δ2 − δ1)

×
[
(1+ cosφs)e−ΓLt + (1− cosφs)e−ΓHt

± 2e−Γst sin(%mst) sinφs
]
,

K6(t) = |A0||A⊥|
[
±e−Γst

{
sin δ2 cos(%mst)

− cos δ2 sin(%mst) cosφs
}

− 1
2

(
e−ΓHt − e−ΓLt

)
cos δ2 sinφs

]
, (4)

where the upper of the ± or ∓ signs refers to the B0
s meson and

the lower refers to a B0
s meson. Here, ΓL and ΓH are the decay

widths of the light and heavy B0
s mass eigenstates,1 %ms is the

B0
s oscillation frequency, δ1 = arg(A⊥/A‖) and δ2 = arg(A⊥/A0)

are CP-conserving strong phases and φs is the weak CP-violating
phase. It is assumed that the weak phases of the three polarization
amplitudes are equal. The quantities ΓH and ΓL correspond to the
observables %Γs = ΓL − ΓH and Γs = (ΓL + ΓH)/2. In the Standard
Model, the value of φs for this mode is expected to be very close to
zero due to a cancellation between the phases arising from mixing
and decay [20].2 A calculation based on QCD factorization provides
an upper limit of 0.02 rad for φs [21,6]. This is different to the

1 Units are adopted such that h̄ = 1.
2 The convention used in this Letter is that the symbol φs refers solely to the

weak phase difference measured in the B0
s → φφ decay.

situation in the B0
s → J/ψφ decay, where the Standard Model pre-

dicts φs( J/ψφ) = −2arg(−VtsV ∗
tb/VcsV ∗

cb) = −0.036 ± 0.002 rad
[22]. The magnitude of both weak phase differences can be en-
hanced in the presence of new physics in B0

s mixing, where recent
results from LHCb have placed stringent constraints [23]. For the
B0
s → φφ decay, new particles could also contribute in b → s pen-

guin loops.
To measure the polarization amplitudes, a time-integrated un-

tagged analysis is performed, assuming that an equal number of
B0
s and B0

s mesons are produced and that the CP-violating phase
is zero as predicted in the Standard Model.3 In this case, the func-
tions Ki(t) integrate to

K1 = |A0|2/ΓL,

K2 = |A‖|2/ΓL,

K3 = |A⊥|2/ΓH,

K4 = 0,

K5 = |A0||A‖| cos(δ‖)/ΓL,

K6 = 0, (5)

where the strong phase difference is defined by δ‖ ≡ δ2 − δ1 =
arg(A‖/A0) and the time integration assumes uniform time accep-
tance.

In addition, a search for physics beyond the Standard Model
is performed by studying the triple product asymmetries [1–3]
in the B0

s → φφ decay. Non-zero values of these quantities can
be either due to T -violation or final-state interactions. Assuming
CPT conservation, the former case implies that CP is violated. Ex-
perimentally, the extraction of the triple product asymmetries is
straightforward and provides a measure of CP violation that does
not require flavour tagging or a time-dependent analysis.

There are two observable triple products denoted U = sin(2Φ)/2
and V = ± sin(Φ), where the positive sign is taken if the T -even
quantity cos θ1 cos θ2 ! 0 and the negative sign otherwise. These
variables correspond to the T -odd triple products

sinΦ = (n̂1 × n̂2) · p̂1,

sin(2Φ)/2 = (n̂1 · n̂2)(n̂1 × n̂2) · p̂1, (6)

where n̂i (i = 1,2) is a unit vector perpendicular to the φi decay
plane and p̂1 is a unit vector in the direction of the φ1 momentum

3 In the case of non-zero φs deviations from these formulas are suppressed by a
factor of %Γs/Γs and hence only small variations would be observed on the fitted
parameters.

εi can be either spins or momenta. TP 
is odd under time reversal and 
sensitive to CPV. 
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CPV in B0
s→φφ  (2.9 fb-1) 

!   No tagging and time-dependent analysis 
is required. 

!   Sensitive to CP V both in mixing and 
decay. 

! Unbinned ML fit on ≅ 300 B0
s→φφ  

 

!   In agreement with recent and more 
precise (by a factor 2) LHCb results [PLB 
713,369 (2012)]. 

!   Need to update with final sample 
(≅10fb-1). 

10/1/12 CKM 2012 - M.J. Morello 

PRL107,261802(2011) 

Au = (!0.8± 6.4±1.8)%
Av = (!12.0± 6.4±1.6)%



Conclusions 

!   Data taking ended in September 30th 2011. Getting 
analyses finalized in full dataset.  

!   CDF keeps contributing to HF while passing baton to 
LHC experiments. 

!   Will focus on measurements that are unique to 
TeVatron or systematics-limited. 

!    Still interesting results to come. 

9/28/12 CKM 2012 - M.J. Morello 



Backup 
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Introduction 

!   Non invariance of the fundamental interactions under 
CP in an established experimental fact. 

!   Vast majority of experimental data have supported the 
success of the CKM theory. 

!   However additional sources of CP violation are 
required to explain matter-antimatter asymmetry in the 
Universe (the famous Sakharov argument ). 

!   The hunting is still open. 
—  Charm and beauty sector still not  fully explored. 

9/28/12 CKM 2012 - M.J. Morello 



Direct CP-violation 
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18 Chapter 1. CP violation and charmless B decays

1.4 Direct CP Violation

Let us consider a non-leptonic decay B̄ → f̄ that is described by the low-energy effective Hamiltonian

in (1.46). The corresponding decay amplitude is given as follows:

A(B̄ → f̄) = 〈f̄ |Heff|B̄〉

=
GF√

2




∑

j=u,c

V ∗
jrVjb

{
2

∑

k=1

Ck(µ)〈f̄ |Qjr
k (µ)|B̄〉 +

10
∑

k=3

Ck(µ)〈f̄ |Qr
k(µ)|B̄〉

}


 . (1.50)

For the CP-conjugate process B → f , we have

A(B → f) = 〈f |H†
eff|B〉

=
GF√

2




∑

j=u,c

VjrV
∗
jb

{
2

∑

k=1

Ck(µ)〈f |Qjr†
k (µ)|B〉 +

10
∑

k=3

Ck(µ)〈f |Qr†
k (µ)|B〉

}


 . (1.51)

If we now use that strong interactions are invariant under CP transformations, insert (CP)†(CP) = 1̂

both after the 〈f | and in front of the |B〉, and take the relation

(CP)Qjr†
k (CP)† = Qjr

k (1.52)

into account, we arrive at

A(B → f) = ei[φCP(B)−φCP(f)]

×GF√
2




∑

j=u,c

VjrV
∗
jb

{
2

∑

k=1

Ck(µ)〈f̄ |Qjr
k (µ)|B̄〉 +

10
∑

k=3

Ck(µ)〈f̄ |Qr
k(µ)|B̄〉

}


 , (1.53)

where the convention-dependent phases φCP(B) and φCP(f) are defined through the relations

(CP)|B〉 = eiφCP(B)|B̄〉, (CP)|f〉 = eiφCP(f)|f̄〉. (1.54)

Consequently, we may write

A(B̄ → f̄) = e+iϕ1 |A1|eiδ1 + e+iϕ2 |A2|eiδ2 (1.55)

A(B → f) = ei[φCP(B)−φCP(f)]
[

e−iϕ1 |A1|eiδ1 + e−iϕ2 |A2|eiδ2
]

. (1.56)

Here the CP-violating phases ϕ1,2 originate from the CKM factors V ∗
jrVjb, and the CP-conserving

“strong” amplitudes |A1,2|eiδ1,2 involve the hadronic matrix elements of the four-quark operators.

In fact, these expressions are the most general forms of any non-leptonic B-decay amplitude in the

Standard Model, i.e. they do not only refer to the ∆C = ∆U = 0 case described by (1.46). Using

(1.55) and (1.56), we obtain the following CP asymmetry:

ACP ≡ Γ(B̄ → f̄) − Γ(B → f)

Γ(B̄ → f̄) + Γ(B → f)
=

|A(B̄ → f̄)|2 − |A(B → f)|2

|A(B̄ → f̄)|2 + |A(B → f)|2

= − 2|A1||A2| sin(δ1 − δ2) sin(ϕ1 − ϕ2)

|A1|2 + 2|A1||A2| cos(δ1 − δ2) cos(ϕ1 − ϕ2) + |A2|2
. (1.57)

A non-vanishing value can be generated through the interference between the two 
weak amplitudes, provided both a non-trivial weak phase difference ϕ1-ϕ2 and a 
non-trivial strong phase difference δ1-δ2 are present. 

 Direct CPV  !"1/ AA
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2 2 
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(Requires interference of two amplitudes)  
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1.4 Direct CP Violation

Let us consider a non-leptonic decay B̄ → f̄ that is described by the low-energy effective Hamiltonian

in (1.46). The corresponding decay amplitude is given as follows:

A(B̄ → f̄) = 〈f̄ |Heff|B̄〉

=
GF√

2




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
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If we now use that strong interactions are invariant under CP transformations, insert (CP)†(CP) = 1̂

both after the 〈f | and in front of the |B〉, and take the relation

(CP)Qjr†
k (CP)† = Qjr

k (1.52)

into account, we arrive at

A(B → f) = ei[φCP(B)−φCP(f)]
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


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}
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where the convention-dependent phases φCP(B) and φCP(f) are defined through the relations

(CP)|B〉 = eiφCP(B)|B̄〉, (CP)|f〉 = eiφCP(f)|f̄〉. (1.54)

Consequently, we may write

A(B̄ → f̄) = e+iϕ1 |A1|eiδ1 + e+iϕ2 |A2|eiδ2 (1.55)

A(B → f) = ei[φCP(B)−φCP(f)]
[

e−iϕ1 |A1|eiδ1 + e−iϕ2 |A2|eiδ2
]

. (1.56)

Here the CP-violating phases ϕ1,2 originate from the CKM factors V ∗
jrVjb, and the CP-conserving

“strong” amplitudes |A1,2|eiδ1,2 involve the hadronic matrix elements of the four-quark operators.

In fact, these expressions are the most general forms of any non-leptonic B-decay amplitude in the

Standard Model, i.e. they do not only refer to the ∆C = ∆U = 0 case described by (1.46). Using
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Here the CP-violating phases ϕ1,2 originate from the CKM factors V ∗
jrVjb, and the CP-conserving

“strong” amplitudes |A1,2|eiδ1,2 involve the hadronic matrix elements of the four-quark operators.

In fact, these expressions are the most general forms of any non-leptonic B-decay amplitude in the

Standard Model, i.e. they do not only refer to the ∆C = ∆U = 0 case described by (1.46). Using
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where the convention-dependent phases φCP(B) and φCP(f) are defined through the relations

(CP)|B〉 = eiφCP(B)|B̄〉, (CP)|f〉 = eiφCP(f)|f̄〉. (1.54)

Consequently, we may write

A(B̄ → f̄) = e+iϕ1 |A1|eiδ1 + e+iϕ2 |A2|eiδ2 (1.55)
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[
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]
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Here the CP-violating phases ϕ1,2 originate from the CKM factors V ∗
jrVjb, and the CP-conserving

“strong” amplitudes |A1,2|eiδ1,2 involve the hadronic matrix elements of the four-quark operators.

In fact, these expressions are the most general forms of any non-leptonic B-decay amplitude in the

Standard Model, i.e. they do not only refer to the ∆C = ∆U = 0 case described by (1.46). Using

(1.55) and (1.56), we obtain the following CP asymmetry:

ACP ≡ Γ(B̄ → f̄) − Γ(B → f)

Γ(B̄ → f̄) + Γ(B → f)
=

|A(B̄ → f̄)|2 − |A(B → f)|2

|A(B̄ → f̄)|2 + |A(B → f)|2
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ϕ1-ϕ2= angle γ in 
the B0→K+π- 	





Fermilab Tevatron 
! pp collisions at 1.96 TeV 

!   Peak luminosity 3.5-4 ×1032cm–2s–1  

!   ∼10 fb–1“good” data on tape per experiment. 

!   End of operation in September 2011. 
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CDFII detector 
!   Central Drift Chamber (δpT/pT ∼ 0.0015 (GeV/c)-1pT ) 

!   Silicon Vertex Detector  (Hadronic Trigger) 

!   Particle identification (dE/dx and TOF) 



Trees and loops for γ measurement  

!   Loops: 
—  Better constraints. 

—  New Physics may enter. 

 

!   Trees: 
—  Less well constrained. 

—  ∼20° uncertainty on γ. 

—  Insensitive to New Physics.  
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TABLE I: Direct CP asymmetries. The first quoted uncertainty is statistical, the second is systematic. N is the number of
fitted events for each mode.

Mode N Quantity Measurement

B0 → K+π− 6348 ± 117 B(B0→K−π+)−B(B0→K+π−)

B(B0→K−π+)+B(B0→K+π−)
−0.083 ± 0.013 ± 0.003

B
0 → K−π+ 5313 ± 109

B0
s → K−π+ 354 ± 46

B(B0
s→K+π−)−B(B0

s→K−π+)

B(B0
s→K+π−)+B(B0

s→K−π+)
+0.22 ± 0.07 ± 0.02

B
0
s → K+π− 560 ± 51

Λ0
b → pπ− 242 ± 24

B(Λ0
b→pπ−)−B(Λ0

b→pπ+)

B(Λ0
b
→pπ−)+B(Λ0

b→pπ+)
+0.07 ± 0.07 ± 0.03

Λ
0
b → pπ+ 206 ± 23

Λ0
b → pK− 271 ± 30

B(Λ0
b→pK−)−B(Λ0

b→pK+)

B(Λ0
b→pK−)+B(Λ0

b→pK+)
−0.09 ± 0.08 ± 0.04

Λ
0
b → pK+ 324 ± 31

VI. SYSTEMATICS

A synopsis of all the systematic uncertainties is reported in Table II. The total systematic uncertainty on each mea-
surement has been determined as the sum in quadrature of the single systematic uncertainties. When the systematic
uncertainty is asymmetric, the larger value has been used in the squared sum.

TABLE II: Summary of the systematic uncertainties.

source ACP (B
0 → K+π−) ACP (B

0
s → K−π+) ACP (Λ

0
b → pπ−) ACP (Λ

0
b → pK−)

Charge asymm. of momentum p.d.f 0.0011 0.0025 0.0009 0.0022

Signals momentum p.d.f. 0.0013 0.0043 0.0054 0.0103

Combinatorial back. momentum p.d.f 0.0004 0.0072 0.0257 0.0065

Physics back. momentum p.d.f 0.0008 0.0002 0.0003 0.0004

Signals mass p.d.f. 0.0002 0.0066 0.0018 0.0006

Combinatorial back. mass p.d.f. <0.0001 0.0001 <0.0001 <0.0001

Physics back. mass p.d.f 0.0001 0.0006 0.0005 0.0001

Particle Identification model 0.0023 0.0066 0.0040 0.0046

Charge asymmetry 0.0014 0.0013 0.0094 0.0096

Triggers relative efficiency 0.0003 0.0083 0.0004 0.0034

Nominal b-hadrons masses 0.0001 0.0049 0.0007 0.0008

pT (Λ0
b) spectrum 0.0001 0.0010 0.0052 0.0021

Λ0
b polarization <0.0001 0.0027 0.0089 0.0364

TOTAL 0.003 0.02 0.03 0.04

VII. FINAL COMMENTS

The final results are listed in Table I. We report an updated measurement of ACP (B0 → K+π−) with a significance
more than 5σ. The uncertainty of the observed asymmetry is consistent and of comparable accuracy with current
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<k> in pion hypothesis is 0 
<k> in kaon hypothesis is 1 
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Detector-induced charge asymmetry 
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background) and random pairs of particles (combinatorial
background).

We incorporate kinematic and particle identification
information in an unbinned likelihood fit [11,14] to
determine the fraction of each mode and the charge
asymmetries, uncorrected for instrumental effects, ~ACP ¼
½Nb!f # N !b! !f$=½Nb!f þ N !b! !f$ of the flavor-specific de-

cays B0 ! Kþ!#, B0
s ! K#!þ, and "0

b ! p!#, pK#.
For each channel, Nb!f (N !b! !f) is the reconstructed num-

ber of decays of hadrons containing the b ( !b) quark into the
final state f ( !f). The decay flavor is inferred from the
charges of final state particles assuming equal numbers
of b and !b quarks at production (dominated by the strong
interaction). Any effect from CP violation in b–meson
flavor mixing is assumed negligible [19].

The whole kinematic information is summarized by
three loosely correlated observables [11]: the mass m!!;
the signed momentum imbalance " ¼ ð1# p1=p2Þ ( q1,
where p1 (p2) is the lower (higher) of the particle mo-
menta, and q1 is the sign of the charge of the particle of
momentum p1; and the scalar sum of particle momenta
ptot ¼ p1 þ p2. Particle identification relies on measure-
ment of the specific ionization (dE=dx) in the drift cham-
ber. For charged kaons and pions the dE=dx response was
calibrated with a sample of 1:5( 106 D)þ ! D0!þ de-
cays, using the charge of the pion from D)þ decay to
identify the products of the Cabibbo—favored D0 decay.
For protons we used 124 000 " ! p!# decays, where the
kinematics and the momentum threshold of the trigger
allow unambiguous identification of the decay products
[18,20]. Identification information for each particle
is summarized by a single observable in our fit (‘‘kaon-
ness’’), defined as # ¼ ðdE=dx# dE=dx!Þ=ðdE=dxK #
dE=dx!Þ, where dE=dx is the observed response, and
dE=dx!ðKÞ is the average responses expected for pions
(kaons). The separation betweenKþ!# or p!# final states
and their charge—conjugates is in excess of 2:1$ (Fig. 2).
Although a lower dE=dx separation is available between
pK# and !pKþ, due to similar ionization rates of protons
and kaons, sufficient discrimination is achieved from their
greater kinematics differences. The background model
allows for independent contributions of positively and

negatively charged pions, kaons, protons, and electrons,
whose fractions are determined by the fit. Muons are
indistinguishable from pions with the available 10% frac-
tional dE=dx resolution and are therefore incorporated into
the pion component.
The signal yields from the fit (Table I) are corrected for

different detection efficiencies to determine the physical
asymmetries, ACPðb ! fÞ, defined as

Bðb ! fÞ #Bð !b ! !fÞ
Bðb ! fÞ þBð !b ! !fÞ

¼
Nb!f # cfN !b! !f

Nb!f þ cfN !b! !f

; (1)

where cf ¼ "ðfÞ="ð !fÞ is the ratio between the effici-
encies for triggering and reconstructing the final state f
with respect to the state !f. The cf factors correct for

+κ
-3 -2 -1 0 1 2 3

-κ

-3

-2

-1

0

1

2

3

-π+ K→0B
-K+π→0

B

1
 q×)

2
/p

1
 = (1 - pα

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

]2 c
-m

as
s 

[G
eV

/
ππ

In
va

ria
nt

5.1

5.15

5.2

5.25

5.3

5.35

5.4

5.45

5.5

5.55

5.6

- pK→b
0Λ

+Kp→b
0Λ

]2c-mass [GeV/ππInvariant
1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.85 1.9 1.95 2

2 c
C

an
di

da
te

s 
pe

r 
5 

M
eV

/

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

1
 q×)

2
/p

1
 = (1 - pα

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

]2 c
-m

as
s 

[G
eV

/
π π

In
va

ria
nt

1.5

1.55

1.6

1.65

1.7

1.75

1.8

1.85

1.9

1.95

2
-π+π→0D +π-K→0D
-π+K→0

D
-K+K→0D

FIG. 2. Joint kaonness distribution for the positive (abscissa)
and negative (ordinate) final state particles in B0 ! Kþ!#

decays as determined from the calibration data of charm decays
(top left). Dipion mass as a function of " for simulated
"0

b ! pK# decays (top right). Mass of D0 ! hþh0# candidates
with pion assignment to both final state particles (bottom left).
Same quantity as a function of " for simulated D0 ! hþh0#

decays (bottom right).

TABLE I. Raw signal yields determined by the fit and final results. The first uncertainty is statistical, the second is systematic.
Absolute branching fractions are derived by normalizing to the known value BðB0 ! Kþ!#Þ ¼ ð19:4* 0:6Þ ( 10#6, and assuming
the average value at high energy for the production fraction fs=fd ¼ 0:282* 0:038 [19].

Mode Nb!f N !b! !f ACPðb ! fÞ (%) Relative B Absolute Bð10#6Þ
B0 ! Kþ!# 1836* 61 2209* 64 #8:6* 2:3* 0:9 + + + + + +
B0
s ! K#!þ 160* 26 70* 22 þ39* 15* 8 + + + + + +

"0
b ! pK# 80* 14 36* 11 þ37* 17* 3 + + + + + +

"0
b ! p!# 40* 10 38* 9 þ3* 17* 5 + + + + + +

B0 ! !þ!# 1121* 63 + + + BðB0!!þ!#Þ
BðB0!Kþ!#Þ ¼ 0:259* 0:017* 0:016 5:02* 0:33* 0:35

B0
s ! KþK# 1307 * 64 + + + fs

fd

BðB0
s!KþK#Þ

BðB0!Kþ!#Þ ¼ 0:347* 0:020* 0:021 23:9* 1:4* 3:6
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FIG. 10. Results of the combined fit of the untagged D0 → K−π+ sample. Distribution of D0πs mass for (a) charm, and (b)
anti-charm decays, and (c) asymmetry as a function of the mass. Fit results are overlaid.

CP–violating asymmetries in the D0 → h+h(′)− decays
and instrumental effects (asymmetric reconstruction effi-
ciency for positive and negative soft pions and kaons) de-
pendent on a number of kinematic variables (e.g., trans-
verse momentum). These studies constrain the size of
residual instrumental effects that might not be fully can-
celled by our method of linear subtraction of asymme-
tries. They also assess the impact of possible correlations
between reconstruction efficiencies of D0 decay-products
and the soft pion, which are assumed negligible in the
analysis. We further check this assumption on data by
searching for any variation of the observed asymmetry as
a function of the proximity between the soft pion and the
charm meson trajectories. No variation is found.
Using the results obtained with realistic values for the

simulated effects, we assess a ∆ACP(hh) = 0.009% un-
certainty. This corresponds to the maximum shift, in-
creased by one standard deviation, observed in the re-
sults, for true CP–violating asymmetries in input ranging
from −5% to +5%.

B. Production asymmetries

Charm production in high-energy pp̄ collisions is dom-
inated by CP–conserving cc̄ production through the
strong interaction. No production asymmetries are ex-
pected by integrating over the whole phase space. How-
ever, the CDF acceptance covers a limited region of the
phase space, where CP conservation may not be ex-
actly realized. Correlations with the pp initial state
may induce pseudorapidity–dependent asymmetries be-
tween the number of produced charm and anti-charm (or
positive– and negative–charged) mesons. These asymme-
tries are constrained by CP conservation to change sign
for opposite values of η. The net effect is expected to

vanish if the pseudorapidity distribution of the sample is
symmetric.
To set an upper limit to the possible effect of small

residual η asymmetries of the samples used in this anal-
ysis, we repeat the fits enforcing a perfect η symmetry
by reweighting. We observe variations of ∆ACP(KK) =
0.03% and ∆ACP(ππ) = 0.04% between the fit results
obtained with and without re-weighting. We take these
small differences as an estimate of the size of possible
residual effects. The cancellation of production asymme-
tries achieved in pp̄ collisions (an initial CP–symmetric
state) recorded with a polar-symmetric detector provide
a significant advantage in high-precision CP-violation
measurements over experiments conducted in pp colli-
sions.

C. Contamination of D mesons from B decays

A contamination of charm mesons produced in b–
hadron decays could bias the results. Violation of CP
symmetry in b–hadron decays may result in asymmet-
ric production of charm and anti-charm mesons. This
may be large for a single exclusive mode, but the effect
is expected to vanish for inclusive B → D0X decays [28].
However, we use the impact parameter distribution of D0

mesons to statistically separate primary and secondary
mesons and assign a systematic uncertainty. Here, by
“secondary” we mean any D0 originating from the decay
of any b hadron regardless of the particular decay chain
involved. In particular we do not distinguish whether the
D0 meson is coming from a D∗± or not.
If fB is the fraction of secondary D0 mesons in a given

sample, the corresponding observed asymmetry A can
be written as a linear combination of the asymmetries

!   Extracted from real data.  

!   Assuming at production N=N because:  
—  Symmetric initial state pp 
—  Strong interaction is CP-conserving. 
—  η symmetric detector. 

!   CP violation in the decay is negligible. 

!   Observed raw asymmetries gives cf. 



Annihilation topologies 

!   All initial-state quarks undergo a transition. 

!   Not yet observed. Small BR ∼10-7, with large uncertainties. 

!   Uncertainty depends on hard-to-predict hadronic parameters 
—  large source of uncertainty in many other calculations. 
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TABLE I: Yields and significances of rare mode signals. The
first quoted uncertainty is statistical, the second is systematic.

Mode Ns Significance
B0 → K+K− 120 ± 49 ± 42 2.0σ
B0

s → π+π− 94 ± 28 ± 11 3.7σ

butions of positively and negatively charged pions and
kaons, whose fractions are determined by the fit. Pro-
tons are incorporated into the kaon component because
of the low background level. Electrons contribution has
been neglected. Muons are indistinguishable from pions
with the available 10% fractional dE/dx resolution and
are therefore incorporated into the pion component. The
physics background model, instead, allows for indepen-
dent charge averaged contributions of pions and kaons,
whose fractions are determined by the fit.

From the signal fractions returned by the likelihood fit
we calculate the signal yields shown in Table I. The sig-
nificance of each signal is evaluated as the ratio of the
yield observed in data, and its total uncertainty (statis-
tical and systematic) as determined from a simulation
where the size of that signal is set to zero. This evalua-
tion assumes a Gaussian distribution of yield estimates,
supported by the results obtained from repeated fits to
simulated samples. This procedure yields a more accu-
rate measure of significance with respect to the purely
statistical estimate obtained from

√
−2∆ln(L). We ob-

tain significant signal for the B0
s → π+π− mode (3.7σ).

No evidence is found for the B0 → K+K− mode (2.0σ).
Figure 2 shows relative likelihood distributions for these
modes.

To avoid large uncertainties associated with produc-
tion cross sections and absolute reconstruction efficiency,
we measure all branching fractions relative to the B0 →
K+π− mode. A frequentist interval [21] at the 90%
C.L. is quoted for the B0 → K+K− mode. The raw
fractions returned by the fit are corrected for the dif-
ferences in selection efficiencies between different modes,
which do not exceed 10%. These corrections are deter-
mined from detailed detector simulation, with only two
exceptions that are measured from data: the momentum-
averaged relative isolation efficiency between B0

s and
B0, and the difference in efficiency for triggering on
kaons and pions due to the different specific ioniza-
tion in the COT. The first one, 1.00 ± 0.03, is deter-
mined from fully-reconstructed samples of B0

s→ J/ψφ,
and B0→ J/ψK∗0 decays [16]. Only b–hadrons decay-
ing into pairs of charged hadrons are simulated and no
fragmentation products, collision remnants, or pile-up
events are present. The latter is instead determined from
samples of D0 mesons decaying into pairs of charged
hadrons [17], since the specific ionization of decay prod-
ucts is not simulated. We measure the relative branch-
ing fractions B(D0 → π+π−)/B(D0 → K−π+) and

B(D0 → K+K−)/B(D0 → K−π+). The numbers of
events are extracted from the available samples of tagged
D0 → π+π−, D0 → K−π+ and D0 → K+K− decays,
fitting the invariant D∗π mass spectrum [17], while the
reconstruction efficiencies come from the same simulation
used for the measurements described in this Letter. The
observed discrepancy with respect to the world averaged
values of these observables [20], is ascribed to the differ-
ent, non simulated, specific ionization in the COT. The
final corrections result momentum independent, do not
exceed 5%, and are applied as a multiplicative factors to
the final result.
The B0

s → π+π− modes requires a special treatment,
since it contains a superposition of the flavor eigenstates
of the B0

s meson. Its time evolution might differ from the
flavor-specific modes if the width difference ∆Γs between
the B0

s mass eigenstates is significant. The current result
is derived under the assumption that the B0

s → π+π−

mode is dominated by the short-lived B0
s component,

that Γs = Γd, and ∆Γs/Γs = 0.92+0.051
−0.054 [20]. The un-

certainty is included in estimating the overall systematic
uncertainty.
The dominant contributions to the systematic uncer-

tainty is the uncertainty on the dE/dx model, which de-
rives from the the statistical uncertainty of the 48 pa-
rameters used to analitically model the correlated dE/dx
response of the two decay products [16]. It is assessed
by repeating the likelihood fit randomly varying all pa-
rameters in a multi dimensional sphere, centered in the
central value of the parameterization, with a radius corre-
sponding to 1σ of statistical uncertainty. The procedure
was repeated 200 times to statistically sample a sufficient
number of directions in the space of parameters. The re-
sulting systematic uncertainty is given by the standard
deviation of the distribution of the observables of interest
returned from the likelihood fits performed with differ-
ent seeds. Although this approach is conservative, since
correlation between parameters have been neglected, the
uncertainty obtained is still smaller than the quoted sta-
tistical uncertainty. In addition the uncertainty on the
physics background model and the uncertainty on the
relative efficiency corrections play a role too. A system-
atic uncertainty, of the order of 10%, is assessed because
of a fit bias on the estimate of the relative fraction of
the B0 → K+K−. Other contributions come from trig-
ger efficiencies, physics background shape, kinematics, b–
hadron masses and lifetimes, and transverse momentum
shape of the Λ0

b baryon.
The final results are listed in Table II. Absolute

branching fractions are also quoted, by normalizing to
world-average values of production fractions and B(B0 →
K+π−) [20]. The branching fraction measured for the
B0

s → π+π− mode is consistent with the previous upper
limit (< 1.2× 10−6 at 90% C.L.), based on a subsample
of the current data [3]. This agrees with the prediction in
Ref. [8] and in Ref. [22] within the pQCD approach. It is

BR(Bs
0 ! ! +! " ) = [0.57± 0.15(stat)± 0.10(syst)]#10"6

BR(B0 ! K +K " )# [0.05, 0.46]$10"6 @90%CL
BR(B0 ! K +K " ) = [0.23± 0.10(stat)± 0.10(syst)]$10"6

Consistent with previous upper limits from CDF , B0
s→ π+π- confirmed later by 

LHCb observation. 
B0

s→ π+π-  in agreement with recent pQCD estimates, higher than other predictions.  
B0→ K+K- in agreement with predictions, but large theoretical uncertainty on them. 
  

a loss in resolution of a factor 2 for B0
s ! !þ!" and 3 for

B0 ! KþK", confirming the importance of this
information.

To avoid large uncertainties associated with production
cross sections and absolute reconstruction efficiency, we
measure all branching fractions relative to the B0 !
Kþ!" mode. A frequentist limit [23] at the 90% C.L. is
quoted for the B0 ! KþK" mode. The raw fractions re-
turned by the fit are corrected for the differences in selec-
tion efficiencies among different modes, which do not
exceed 10%. These corrections are determined from de-
tailed detector simulation, with only two exceptions that
are measured from data: the momentum-averaged relative
isolation efficiency between B0

s and B0, and the difference
in efficiency for triggering on kaons and pions due to the
different specific ionization in the drift chamber. The for-
mer is determined as 1:00# 0:03 from fully-reconstructed
samples of B0

s ! J=c", and B0 ! J=cK$0 decays [21].
The latter is determined from samples ofD0 mesons decay-
ing into pairs of charged hadrons [19]. We measure the
relative branching fractions BðD0 ! !þ!"Þ=BðD0 !
K"!þÞ and BðD0 ! KþK"Þ=BðD0 ! K"!þÞ. The

numbers of events are extracted from the available samples
of tagged D0 ! !þ!", D0 ! K"!þ and D0 ! KþK"

decays, fitting the invariantD$!mass spectrum [19], while
reconstruction efficiencies are determined from the same
simulation used for the measurements described in this
Letter. Comparison of these numbers with world measure-
ment averages [24] allows us to extract the correction
needed to compensate for the different efficiency of the
tracking trigger for kaons and pions. The final corrections
applied to our result do not exceed 5% and are independent
of particle momentum.
The dominant contribution to the systematic uncertainty

on both branching fractions is due to the dE=dx model,
which derives from the statistical uncertainty on the 48
parameters used for the analytical description of the corre-
lated dE=dx response of the two decay products [21]. This
uncertainty is evaluated by repeating the likelihood fit 200
times with different sets of those parameters, randomly
extracted from a multidimensional sphere, centered on
the central value of the parametrization, with a radius
corresponding to 1# of statistical uncertainty. The corre-
lations between the parameters are neglected because their
total effect, known from Ref. [25], where they have been
accounted for in detail, brings a reduction of the final
systematic uncertainty because most correlations are nega-
tive. The dE=dx-induced systematic uncertainty on each
observable is then obtained as the standard deviation of the
distribution of that observable, over the ensemble of like-
lihood fits performed with different sets of parameters.
This approach is adequate for our purposes since the
statistical uncertainty is greater than or of the same order
of the systematic uncertainty.
The second dominant contribution to the systematic

uncertainty for B0
s ! !þ!" comes from the uncertainty

on the relative efficiency correction, while for B0 !
KþK" it comes from the uncertainty in the background
model, which includes a sizeable component of partially
reconstructed decays with poorly known branching frac-
tions. The latter systematic uncertainty is conservatively
assessed by performing extreme variations of the assumed
relative contributions of the various modes in the simula-
tion; the resulting uncertainty is still a factor of 2 lower
than the uncertainty associated to the dE=dx model.
Other contributions come from trigger efficiencies,

b-hadron masses, b-hadron lifetimes and !"s="s, and
transverse momentum distribution of the #0

b baryon.
A further systematic uncertainty of the order of 10% is
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FIG. 3 (color online). Distribution of the relative signal like-
lihood, LS=ðLS þLotherÞ, in the region 5:25<m!þ!" <
5:50 GeV=c2 for B0

s ! !þ!" and 5:10<m!þ!" <
5:35 GeV=c2 for B0 ! KþK". For each event, LS is the like-
lihood for the B0

s ! !þ!" (top panel) and B0 ! KþK" (bot-
tom panel) signal hypotheses, and Lother is the likelihood for
everything but the chosen signal, i.e., the weighted combination
of all other components according to their measured fractions.
Points with error bars show the distributions of data and histo-
grams show the distributions predicted from the measured frac-
tions. Zoom of the region of interest is shown in the inset.

TABLE II. Measured relative branching fractions of rare modes. Absolute branching fractions were derived by normalizing to the
current world-average value BðB0 ! Kþ!"Þ ¼ ð19:4# 0:6Þ ( 10"6, and assuming the average values at high energy for the
production fractions: fs=fd ¼ 0:282# 0:038 [24]. The first quoted uncertainty is statistical; the second is systematic.

Mode Relative B Absolute Bð10"6Þ Limit (10"6)

B0 ! KþK" BðB0!KþK"Þ
BðB0!Kþ!"Þ ¼ 0:012# 0:005# 0:005 0:23# 0:10# 0:10 [0.05, 0.46] at 90% C.L.

B0
s ! !þ!" fs

fd

BðB0
s!!þ!"Þ

BðB0!Kþ!"Þ ¼ 0:008# 0:002# 0:001 0:57# 0:15# 0:10 -
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Angle γ from B-→DK-    
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Cleanest ways to measure γ angle.  Only tree-level amplitudes are involved.  Tiny 
theoretical uncertainties. Exploit interference between the processes: 

b→cus  b→ucs  

Favored  b → c  decay:                           
∼ VcbV*us∼ λ3        

Color Suppressed  b → u decay:               
∼VubV*cs∼  λ3rB e-iδB eiγ        

B!

b

u u

c

s

u

D0

K !

Vcb

Vus

u u

b uVub

Vcs

c

s

K !

D0

B!

Several methods depending on D0 →f and D0→f: GLW  D→ππ/KK, ADS D→Kπ 
suppressed decays, etc. No tagging or time dependent analysis is needed, well suited 
for hadronic environment. 	


CDF  provided results for GLW method in 1fb-1 [PRD81, 031105(2010)]. 
 



ADS  method 
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ADS method [PRL78,3257(1997);PRD63,036005(2001)] uses the B- → D K- decays with D 
reconstructed in D→ K+π- : 

B! "D0K ! " [K +! ! ]K !

B! "D0K ! " [K +! ! ]K !

Color allowed B- → D K-  and Doubly 
Cabibbo Suppressed D0→ K+π- . 

Color suppressed B- → D K-  and 
Cabibbo Favored antiD0→ K+π- . 

between these two amplitudes is crudely given by [9]:

∣

∣

∣

∣

∣

M(B− → K−D0[→ f ])

M(B− → K−D
0
[→ f ])
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∣

∣
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∣
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∣
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∣

∣
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∣

∣
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0.0077 ∼ 1 ,

where M denotes the amplitude for the given process. Here the color-suppressed amplitude

(∼ a2) is reduced with respect to the color-allowed one (∼ a1) by the factor suggested in [10]:

|a2/a1| ≈ 0.26,

and the ratio of CKM elements |Vub/Vcb| ≈ 0.08 was used.

While a naive estimate for the ratio of twice Cabibbo suppressed to Cabibbo-allowed

branching ratio is

Br(D0 → f)

Br(D
0
→ f)

≈
∣

∣

∣

∣

VcdVus

VcsVud

∣

∣

∣

∣

2

≈ λ4 , (2)

form-factor and decay constant ratios may increase it somewhat. Such a ratio has been

observed by CLEO [11]

Br(D0 → K+π−)

Br(D
0
→ K+π−)

= 0.0077 ± 0.0025 ± 0.0025 ,

whose central value was used in Eq. (1) for the generic ratio.

The balancing of the amplitudes illustrated in Eq. (1) suggests that CP violating effects

in the interference of two amplitudes of this type can be large. Let us define, for a general

final state f , the CP violating partial rate asymmetry:

A(K, f) ≡
Br(B− → K−[f ]) − Br(B+ → K+[f ])

Br(B− → K−[f ]) + Br(B+ → K+[f ])

where the square bracket denotes that the bracketed mode originates from a D0/D
0

decay.

Based on the above argument potentially the largest CP violating asymmetry A(K, f) in

B± decays involving D0 − D
0

interference occurs when f is a doubly Cabibbo suppressed

decay mode of the D0.

3

1 

The two interfering amplitudes are comparable. Large CP violation can be observed.  

B-→DK- →[K+π-]K-  suppressed by factor of about 10-3 wrt favored B-→DK- →[K-π+]K-  

color suppression  



!   Selection is crucial to search for highly 
suppressed signals. 

!   Optimal point chosen using large sample 
of favored decays (same final states). 
—  Maximize the sensitivity for discovery of 

limit setting for an unobserved mode 
[physics/0308063].    

!   Simultaneous Extended Unbinned 
Maximum Likelihood fit on Favored and 
Suppressed modes. 

!   Using masses and particle identification 
(dE/dx) information to determine the 
signal composition. 

B-→DK- ADS analysis 
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